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Abstract: Water management towards smart cities is an issue increasingly appreciated under financial
and environmental sustainability focus in any water sector. The main objective of this research is to
disclose the technological breakthroughs associated with water and energy use. A methodology is
proposed and applied in a case study to analyze the benefits to develop smart water grids, showing
the advantages offered by the development of control measures. The case study showed the positive
results, particularly savings of 57 GWh and 100 Mm3 in a period of twelve years when different
measures from the common ones were developed for the monitoring and control of water losses in
smart water management. These savings contributed to reducing the CO2 emissions to 47,385 t CO2-eq.
Finally, in order to evaluate the financial effort and savings obtained in this reference systems (RS)
network, the investment required in the monitoring and water losses control in a correlation model
case (CMC) was estimated, and, as a consequence, the losses level presented a significant reduction
towards sustainable values in the next nine years. Since the pressure control is one of the main issues
for the reduction of leakage, an estimation of energy production for Portugal is also presented.
Keywords: smart water management; smart water grids; water drinking network; water losses;
energy production
1. Introduction
1.1. Overview of the Water Sector
The water industry is subject to new challenges regarding the sustainable management of
urban water systems. There are many external factors, including impacts of climate change, drought,
and population growth in urban centres, which lead to an increase of the responsibility in order to
adopt more sustainable management of the water sector [1]. The coverage of the costs, the monitoring
of the non-revenue water (NRW) and the knowledge of the customers’ demand for the fairness in
revenues are some of the main challenges the water management has to solve [2]. Due to the population
growth increasing and a concentration of water needs, a consequent requisite of water management is
necessary. Under this reality, the use of advanced technologies, as well as the adoption of more robust
management models, are necessary to better suit the water demands [3].
Over the past decades, many parts of the world witnessed the growing water demand, the risks
of pollution water supply, as well as the severe water stress. The leading and irreplaceable role that
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water plays in sustainable development has become increasingly recognized; the management of water
resources and the provision of services related to water continues to be minor in the scale of public
perception and government priorities of several countries [4]. This lack of water resources is currently
satisfied by the water transfer between basins, the desalinization, the regeneration of waste water,
and the exploration of wells [5]. The implementation of more efficiency, the water and energy nexus,
as well as the water loss control by the best pressure management and smart device implementation,
would conduct a sustainable water sector.
1.2. Smart Water Management
Smart water management aims at the exploitation of water, at the regional or city level, on
the basis of sustainability and self-sufficiency. This exploitation is carried out through the use of
innovative technologies, such as information and control technologies and monitoring [6]. Hence, water
management contributes to leakage reduction, water quality assurance, improved customer experience,
and operational optimization, amongst other key performance benefits [7,8]. A smart city can be
defined as the city in which an investment in human and social capital is performed, by encouraging
the use of “Information and Communication Technology” (ICT) as an enabler of sustainable economic
growth, providing improvements in the quality of life of consumers, and consequently, allowing
better management of water resources and energy [9]. It is important to recognize that the concept
of a smart city is not limited only to technological advances, but aims to promote socioeconomic
development [10,11]. Through this model, a city can examine its current state and, in turn, identify the
areas that require further development in order to meet the necessary conditions for a smart city [12].
The development of smart techniques requires technology use in the water systems as well
as its implementations. Smart water systems are used to improve the situation of many networks
characterized by degraded infrastructure, irregular supplies, and low levels of customer satisfaction or
substantial deviations of the proportional bills to real consumption. A smart water system can lead to
more sustainable water services, reducing financial losses, enabling innovative business models to
serve the urban and rural population better [13].
Some of the main advantages of smart water management are a better understanding of the water
system, detection of leaks, conservation, and monitoring of water quality. The implementation of
smart water system technologies enables public services companies to build a complete database for
the identification of the areas where water losses or illegal connections occur. The advantages of smart
water grids are economic benefits to water and energy conservation, while the efficiency of the system
can improve customer service. The wireless data transmission allows the customers to analyze their
water consumption towards preserving and reducing the water bill, in some cases above 30% [14].
Some of the main technologies are be listed as follows:
(i) Smart pipe and sensor; a smart pipe is designed as a module unit with a monitoring capacity
expandable for future available sensors [15]. With several smart pipes installed in critical sections of a
public water system, real-time monitoring automatically detects the flow, the pressure, leaks and water
quality, without changing the operating conditions of the hydraulic circuit. Briefly, the smart wireless
sensor network is a viable solution for monitoring the state of pressure and loss of water control in
the system. The main advantage compared to other methods of water loss control is the continuous
monitoring of the network without local operator intervention and with low energy consumption of
the wireless sensor, allowing to remain operational for long periods [16].
(ii) Smart water metering; a smart meter is a measuring device that can store and transmit the
consumption with a certain frequency. To develop an efficient water management system, it is necessary
to install sensors and/or actuators to monitor the water systems [17]. Therefore, while water meters
can be read monthly or one reading every two months with the water bill generated from this manual
reading, the smart metering can obtain the consumption at long distance and with a high frequency,
providing instant access to the information for customers and managing entities. The management
of this information requires an advanced metering infrastructure (AMI), and therefore, the water
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companies should install this in order to improve hydraulic and energy efficiency, enabling leakage
control as well as illegal connections in terms of water volumes [18].
(iii) Geographic Information System (GIS); GIS plays a strong role in smart water management,
providing a complete list of the components along the network and their spatial locations. GIS becomes
essential for the management of the water systems, allowing the inclusion of the spatial components
in an oriented model to improve the planning and management through a clear evolution of spatial
constituents in the network. The major advantage of GIS is the simulation of reality based on data
systems designed to collect, store, receive, share, manipulate, analyze, and present information that is
geographically referenced [19,20].
(iv) Cloud computing and supervisory control and data acquisition (SCADA); it is referred to the
use of memory and storage capacities and calculation of computers and servers shared and linked
through the internet, by following the code of network computing. Cloud computing is defined as
“a new style of computing in which the resources are dynamically scalable and often virtualized
being provided as a service over the internet” [21], such as large repositories of virtualized resources,
hardware, development platforms, and software, with easy access and dynamically configured to
adapt to different workloads in order to optimize their use. In general, the majority of public water
services make supervision, control, and data management through a SCADA system [22,23].
(v) Models, tools of optimization, and decision support systems; the implementation of a common
framework for measuring the performance based on a set of relevant indicators and data applications
and interfaces to support the decision of the managing entities allows the interested parties to
evaluate, create trust and confidence, and monitor the improvements [24,25]. The knowledge of reliable
short-term demand forecasting patterns is crucial to develop approach models and, therefore, positive
decisions in real time to be implemented in smart water systems [26]. These models are focused on
simulations, such as Epanet [27] or WaterGems [28]. These tools can be supported using optimization
techniques. The programming models can use simulated annealing techniques [29], fuzzy linear
programming [30], and multi-objective genetic algorithms in real time [31], among others.
The objective of this research is to disclose the technological breakthroughs associated with water
use and the innovations according to the monitoring of water and energy losses, proposing a strategy
to improve the efficiency of the system in economic and sustainable terms. The methodology is applied
to a real case study of water distribution system (named reference system (RS) due to confidential
restrictions). In this network, the water company implemented measures for the monitoring of several
parameters, including the water loss control associated with smart water management. This case study
was compared using a correlation model case (CMC) in order to predict the benefits of similar actions
used in the RS in the CMC, which was proposed in this research using a real database.
2. Materials and Methods
2.1. Brief Description of Case Study
Currently, there are technological solutions capable of supporting the management of smart water
systems with a high level of efficiency, associated with the reduction of water losses and, consequently,
operational costs.
On the one hand, RS integrates several subsystems of water sources, pumping stations,
and treatment plants. The RS is composed of approximately 1400 km of pipes, with more than
100,000 service connections, 14 reservoirs, and 10 pumping stations, which allows storage of more than
400,000 m3. The network is modelled by GIS in which the maintenance service is developed according
to leakage and break occurrence, interrelating with the customer management database. The network
is divided into four different zones that depend on topographic levels. These zones are: low level,
which supplies between 0 and 30 m; medium level, which is determined between 30 and 60 m; high
level, when the altitude varies between 60 and 90 m; and upper level, which supplies the area above
90 m. It is mandatory that RS has to guarantee a consumed volume of 192 Mm3. However, the NRW
Water 2020, 12, 58 4 of 13
was not satisfactory, and the volume stabilized around 50 Mm3. This volume shows the high volume
of losses in the distribution network. The data collection in different years over time was provided by
the water company.
Due to heavy losses in the RS distribution system noticeable during the night period, RS set the
ambitious goal of reducing the NRW to sustainable values, with the mark of water losses set at less
than 15% by 2009 (Figure 1).
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In order to reduce the water losses in 12 years for values less than 15%, RS adopted a
well-defined strategy that was focused on: (i) segmentation and continuous monitoring of the
network; (ii) development of analysis using internal resources; (iii) optimization of the process of active
water losses control; (iv) continuous improvement based on the experience and results; (v) definition of
what really is primordial in real cost (investments) control. The reduction of NRW was carried out on
both leakage and illegal connections, which were detected through intensive monitoring and metering
of the water distribution network.
On the other hand, CMC corresponds to a water distribution in another municipality. The system
supplies about 152,000 customers. The water distribution system is composed of 6 reservoirs,
which correspond to a total storage capacity of 125,450 m3. The network has 760 km in pipes.
The distribution network has approximately 64,000 service connections. The supply is almost entirely
gravitational, only actively maintaining the pumping station to fill areas of higher level. At the moment,
the distribution network of that city is divided into 18 DMA. The company has opted for the partition
of the distribution network through the creation of interior sub-DMA, to be possible to carry out more
effective monitoring and consumption control. Then, DMAs are subdivided into 31 sub-DMA.
2.2. Parameters Definition in RS
The volume of water in the RS, whether imported or extracted, is divided into billed water (BW)
and NRW and even between controlled and uncontrolled consumption [32]. The billed water is the
consumed water that is directly charged to customers. The NRW is the volume that includes the water
losses and the consumed volume by the authorized agents (e.g., social services, fire-fighting services).
A simplifying schematic of this water balance is shown in Figure 2.
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The International Water Association (IWA) recommends that a DMA should have betwe n 1000 and
3000 customers, but in urba areas with high population density, a DMA m y group together more than
3000 customers, with a maximum li it of 5000 customers [33]. Hence, the cas study was subdivided
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In order to carry out the collecting, management, and processing of the information of the water
supply system, several registration devices d e itters of data, in particular, data-logging equipment
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pressure variation, and flow or quality probes directly installed on the network. The data collected are
transmitted remotely, through such devices to a central database, where they are stored, offering to the
managing entity scans and frequent and reliable records, reducing the need for estimations.
The main objective of an optimization network efficiency (ONE) is to support the strategy focusing
on the efficiency and the reduction of losses, providing performance indicators of each DMA. Thus,
ONE integrates the process of optimization and improvement of the efficiency of a distribution network
including: (i) metering and telemetry; (ii) leakage level definition; and (iii) leakage detection and repair.
The implementation of flow meters at the entrance and the exit of each DMA, and the methodologies
of innovative strategies for the detection and location of leaks were essential for rapid action and
consequent reduction of water and energy losses in the system.
2.3. Methodology to Develop CMC
The investment analysis in monitoring and water loss control is extrapolated to another distribution
system (CMC). Figure 3 shows the proposed methodology to develop the analysis.
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e, the correlation model case ( MC) ook the following procedure in th developed study:
• Analysis of the evolution of the consumption results: this analysis should be done in both
systems (RS and CMC). On the one hand, the study related to RS should be developed. To do
so, the knowledge of the number of customers, the BW, the current level of NRW, as well as the
investment in water losses control, is necessary to know. This information is given by the water
company. On the other hand, for CMC, the same information is also necessary.
• Determination of indicators: the second stage of the methodology consists of an analysis of
the performance indicators, which will be used as variables in the CMC. For RS, the selected
indicators were: growth rate of the number of customers per year, evolution of the water demand
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by the users; investment of the water company to reduce the water losses and to control the NRW.
In contrast, the CMC should establish the deadline to reach the aim, as well as the limit of NRW.
In the proposed case study, the deadline was 2025, and the objective value for NRW was 10%.
• Estimation of the necessary investment plan until the deadline: defined the consumption results
of the water systems (input data) as well as the determination of the indicators and the defined
objective for NRW, a correlation model, and the determination of the annual investment is
necessary to develop. The investment plan is focused on the water losses control as well as
reducing the unbilled water.
Regression analysis involves the identifying of the relationship between a dependent variable and
one or more independent variables. A model of the relationship is hypothesized and estimates the
parameter values that are used to develop an estimated regression equation. A simple linear regression
is defined by equation (1):
Ŷ = a + b1X1 + . . .+ bpXp (1)
but it differs as to whether the X variables are considered random or fixed [34], and a, b1, . . . , bp are
coefficients of the correlation equation, ‘p’ being the number of variables. In this statistical correlation
model, random values of the X variables are considered. These variables are obtained in the sample,
while the number of cases obtained at each level of the X variables is random. Hence, another
sample from the same population would yield a different set of values of X and different probability
distributions of X. In the (fixed) regression model, the values of X and their distributions are assumed
to be, in the sample, identical to that in the population. Some experts have argued that the correlation
coefficient is meaningless in a regression analysis since it depends, in large part, on the fixed particular
values of X obtained in the sample and the probability distribution of X [34]. While this relationship
between r and the distribution of X in the sample is certainly true, it does not necessarily follow that R
and R2 are not useful statistics in a regression analysis.
The fixed regression model fits best with experimental research where there are arbitrarily
particular values of the X variables and particular numbers of cases at each value of each X. Hence,
the fixed regression model is most often called the analysis of variance model. However, it is true that
it is common practice to apply the regression model to data where the X variables are clearly not fixed.
When time or frequency is used to get a confidence interval, i means the joint distribution of X
and the Y is bivariate (or multivariate) normal. When the distribution is bivariate normal, then it is
also true that the marginal distributions of X and Y are both normal.
In the optimization of a water distribution network through the improvement of the monitoring
and control of losses, the investment required in order to be possible to obtain an equivalent level of
performance in other water systems needs to be estimated using a correlation model type.
A statistical analysis using the key indicators of the RS results was developed for the CMC in order
to determine the annual growth rates of the number of customers and billed water, and the investment
in water losses control per reduced volume of NRW and per client. Note that the determination of
those parameters per client is essential to correlate different sizes of water companies.
The correlation between the annual investments per client with the decrease of NRW by the client
of the following year is analyzed. This analysis would be able to determine a logistical regression for
the investment required per client to achieve a certain level of NRW. Hence, it was determined that the
parameter’s investment in the water losses control per volume of NRW reduced and per client with
the average value of annual investment by the reduction of NRW of the following year and per client








where INVNRW is the annual investment average on water losses control by a decrease of NRW and by
client; INVi is the investment on the water losses by client in the year i; NRWi+1 is the non-revenue
water per client of the year i + 1.
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Finally, when the correlation was developed, the economic and energy savings were determined
according to water metering. Furthermore, the reduction of NRW can contribute to improving other
sustainability indicators, such as social, environmental, energy, economy, and technical indicators [35].
Regarding the energy indicators, the improvement affects the network energy efficiency (IEE), excess
of supplied energy (ISE), energy dissipation (IED), annual consumed energy (IAE), consumed energy
per unit volume (IEFW), energy cost per unit volume implemented (IEC), energy efficiency of pumps
when the system is a pump system (IEB), among others. Also, other indicators related to the consumed
water will be reduced if the NRW is reduced. A significant indicator associated with the environment
is CO2-eq since there is a direct relation between the energy (kWh) consumed in the network and the
CO2 emissions (between 582 and 877 gCO2/kWh) [36]. Therefore, the reduction of NRW has high
significance in the environmental impact of the water distribution cycle.
The proposed methodology can be used in other case studies when the water managers have
enough information available (e.g., recorded and stored data, monitoring of the water systems) to
analyze and to implement the corrective measures towards a more efficient water system.
3. Results
The analysis of the RS case study was carried out based on the results considering a suitable time
interval as the most relevant for assessing the effects of the implemented measures in the distribution
system. The implementation of the monitoring measures and the active water loss control, allowed RS
to reduce the losses in the system from 20% in 2004 to less than 10% of the total volume captured in
2014 (Figure 4).
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This decrease of NRW over 12 years was mainly due to the control of the losses in the distribution
system (low level zone). In contrast, the BW decreased more than 20 Mm3 in this period in the
distribution system due to environmental concern of society, the leakages control, as well as the
reduction of the unbilled water. The policy of monitoring and water loss control of RS was focused in
particular on the distribution system (low level zone) since the NRW level was too high in comparison
to the treatment and transport of water. The considered goal was ambitious, reducing the NRW
in the distribution network for sustainable values, setting a goal of water losses less than 9% by
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2016. This work positioned RS in the fifth position of the more efficient cities worldwide (Figure 5).
The reduction of water losses was 67.85% compared to values of 1990 (Figure 1), which were considered
as the best reference for this water company.
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Furthermore, RS still had a decrease in operating costs to the supply network. Despite the reduction
of these costs, the unit cost of water produced was not sensitive to t is variatio and remained close
to 0.30 €/m3. T is is mainly due to fixed costs of the water supply network, the decrease in demand,
and a increase f unit costs of external supplies and services (ESF) in these years, in particular,
the electricity.
Still, the energy bill, which is the main constituent of the ESF, contradicted the trend of growth in
the market, due to the associated gains with the energy optimization enable by monitori g and water
loss control. In 12 years, RS obtaine an energy saving of approximately 65 GWh, reducing the energy
bill from more than €6.5 million. In addition to the energy reduction, another more direct result and
representative of this policy of monitori g and water losses co trol was the reducti n of the levels of
NRW in the network, which allowed a saving close to 200 Mm3 (€60 milli ) in 12 years.
These results demonstrate the improvement of the efficiency of the RS water network, in which
€66 million was saved i 12 years. To reach this saving, the investment in monitoring (e.g., smart
watering devices, pressure sensors, communication devices), as well as the control of water losses,
ere necessary. This investme t was €20 illion in 12 years. This value was around 30% of the total
revenue in this period. This reduction of the consumed energy contributed with a theoretical reduction
of 47,385 tCO2-eq according to [36]. The development of this strategy enabled to re uce the overall costs
in the operation of the network further, offering a saving of about €46 million in 12 years of operation.
The RS data was used to estimate the major socio-economic indicators to determine the investment
required to reach a certain NRW level. The annual growth rate of the number of customers was obtained
through the average annual growth recorded by RS from 2004 to 2014, using a growth rate of 0.3% for the
developed correlation model. In order to determine the BW progression, firstly, a canonical correlation
was prepared considering the evolution of the number of customers in the distribution system in
an attempt to assess the dependence of billed water with the number of customers. The obtained
regression models are shown in Table 1.
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Table 1. R2 obtained in the different regression models developed.





Linear 0.25 0.01 0.03
Logaritmich 0.33 0.02 0.14
Second Degree
Polynomial 0.46 0.24 0.23
Third Degree Polynomial 0.61 45 0.34
After the determination of the correlation model indicators (Table 2), it was possible to relate
the annual decrease of NRW with the annual investment in the water losses control required in the
previous year. This correlation enabled an investment plan and the evolution of the distribution
network features for the next nine years.
Table 2. Assessment of characteristic parameters in CMC, based on RS.
Main Features
CMC RS
2016 2025 2004 2014
Total Annual Volume (Mm3) 20.82 17.3 127.0 101.12
BW (Mm3) 16.94 15.5 96.6 92.94
NRW
(Mm3) 3.87 1.7 30.4 8.18
(%) 18.6 10.0 23.9 8.1
Total Customers - 150,812 155,293 339,111 349,151
The total investment required in the CMC, considering the indicators previously determined, was
approximately €9.5 million for that period, allowing a reduction of more than 2.6 Mm3 of NRW in this
period. Table 2 shows the main values obtained from the correlation model.
The obtained investment parameter on the water losses control was 3.6 €/m3 per client and year.
In CMC, it was even necessary to determine the volume corresponding to the NRW goal level in 2025.
From the BW and the NRW level planned, it is possible to determine the volume of NRW and water in
the system for the year 2025. It was determined that these variables are independent, making, from the
outset, the demand for a multivariate model in terms of the number of customers and BW. The search
model has allowed for determining the evolution of the number of customers and the volume of BW at
the CMC system.
4. Conclusions
In the last few years, the water sector has faced significant challenges, in particular, the effort
to develop a smart water system in order to improve efficiency and sustainability performance (e.g.,
social, technical, and environmental). The developed designations, as well as the analyzed case studies,
show that the application of this smart technology does not only contribute to the future of smart cities
in terms of water but also to energy nexus, through adequate smart water planning and management.
This application will improve the water sustainability and management, as well as the policy of
smart cities adequately adapted considering different constrains. The selected techniques and actions
depend on the considered threshold, the capital investment, and the availability of techniques and
equipment. In addition, these applied strategies must be associated with a worldwide awareness
of society to the sustainable planning and management for the best use of available resources.
Through the technological innovations, the smart cities will reduce costs, increase the service quality
and optimize the operation of the system. The proposed methodology can also be applied to other
water networks contributing to improving system efficiency and sustainability by better management
of the water resources.
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This research analyzed a real water system named RS (due to the confidentiality of data). In this
case study, the results achieved show the implementation of measures for the monitoring and water
losses control, which allowed accessing a high level of efficiency, especially the reduction of water
losses and the consequent reduction of associated costs. The application of these strategies enabled
changing the category of the most efficient cities level, varying its worldwide position from 20th to
5th. However, the calculation of the ELL is sensible for network changes, regional legislation, type of
consumption, repair costs, ESF, and the macroeconomic situation of each country. Therefore, although
these variables change, the payback period of the investment and the development of strategies to
reduce the water losses are viable.
Finally, regarding the excellent results obtained in RS, the necessary investment was estimated to
achieve the goal of water losses of 10%, by 2025. So, the CMC was developed and applied, presenting
initially with a high level of losses of around 21.5%, requiring a total investment of around €9.5 million
until 2025. In some regions, the high level of losses and the need of pressure control also allow
the development of complementary solutions based on the implementation of micro-hydropower
solutions using by-passes to existing PRVs or at inlets or outlets of tanks and reservoirs. This evaluation
demonstrates that a significant potential for technically and economically viable micro-hydropower
installations exists, which could make valuable contributions to the energy efficiency and CO2 emission
gains in the water sector.
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